A series of Au-TiO 2 /ITO films with nanocrystaline structure was prepared by a procedure of photo-deposition and subsequent dip-coating. The Au-TiO 2 /ITO films were characterized by X-ray diffraction, scanning electronic microscopy, electron diffraction, X-ray photoelectron spectroscopy, and UV-VIS diffuse reflectance spectroscopy to examine the surface structure, chemical composition, the chemical state of metal, and the light absorption properties. The photocatalytic activity of the Au-TiO 2 /ITO films was evaluated in the photocatalytic (PC) and photoelectrocatalytic (PEC) degradation of bisphenol A (BPA) in aqueous solution. Compared with a TiO 2 /ITO film, the degree of BPA degradation using the Au-TiO 2 /ITO films was significantly higher in both the PC and PEC processes. The enhancement is attributed to the action of Au deposits on the TiO 2 surface, which play a key role by attracting conduction band photoelectrons. In the PEC process, the anodic bias externally applied on the illuminated Au-TiO 2 /ITO film can further drive away the accumulated photoelectrons from the metal deposits and promote a process of interfacial charge transfer.
Introduction
The presence of endocrine disrupting chemicals (EDCs) in the environment and, specifically in municipal and industrial wastewaters, is of growing concern. Chemicals such as bisphenols, dioxins, pesticides, phthalates, alkylphenolic compounds, furans, synthetic steroids, and some natural compounds, have been shown to have the potential to interfere with the endocrine systems of a wide range of living organisms, including humans, in various ways to cause an adverse response or disruption to their health, growth, and reproduction [1] [2] [3] [4] [5] . Most of these EDCs can not be removed completely from wastewaters by conventional biological treatment, such as by activated sludge processes [6, 7] , which leads to their presence in receiving waters where they have the potential to adversely affect human and animal life even at very low concentrations [5, 8] . Consequently, advanced treatment technologies are required to effectively eliminate these pollutants in drinking water sources and wastewater effluents.
In recent years, the process of heterogeneous photocatalysis, especially with the use of TiO 2 as a catalyst, has been extensively studied in the purification of water and wastewater. This is because almost all organic pollutants, including those toxic at low concentration, can be decomposed to carbon dioxide with the strong oxidizing power of the photogenerated holes of TiO 2 [9] [10] [11] . However, this technique is insufficient for practical application due to the rapid recombination of active electrons and holes after photoexcitation [12, 13] . To further improve the efficiency of photocatalytic (PC) oxidation reactions, the TiO 2 catalyst can be modified by the addition of various impurities. For example, different metals or metallic oxides can be added either into the TiO 2 structure by doping, implanting or coprecipitating or onto the TiO 2 surface by coating or photodepositing as metal islands [12, [14] [15] [16] [17] [18] [19] [20] [21] [22] . Among these methods, one approach is the deposition of precious metals such as Au and Pt on the surface of the TiO 2 catalyst through a photoreduction reaction. A study by Bamwenda et al. [14] found that the presence of deposited Au on the surface of TiO 2 could significantly improve its photocatalytic activity and achieved the best photocatalytic efficiency with 1.0 wt% Au.
The development of photoelectrocatalytic (PEC) oxidation processes with an externally-applied anodic bias has also been receiving attention in recent years [13, [23] [24] [25] [26] . So far, most studies have been related either to the PC processes with the metal-loaded TiO 2 powders or to the PEC processes with ordinary TiO 2 films [13, [23] [24] [25] [26] . More recently, a few studies have focused on the PEC reaction using metal-loaded TiO 2 films, in which TiO 2 powder was first coated on an electrode material such as a glass plate and then metals were deposited by photoreduction [21, 22, [27] [28] [29] [30] . In our previous studies, some metal-loaded TiO 2 films including Pt-TiO 2 /Ti [21], Ag-TiO 2 /ITO [27, 28, 29] , and Cu-TiO 2 /ITO [30] were investigated by applying an external anodic bias. These studies determined that the optimum contents of Ag and Cu on the TiO 2 films were approximately 1 and 1.5%, respectively, and also found that higher metal loading resulted in a decrease in photocatalytic activity due to two reasons: (1) the high coverage of TiO 2 film surface by metal deposits eliminates the efficiency of light absorption by the catalysts [31]; and (2) the cluster or aggregation of metal deposits on the TiO 2 surface changes the function from an electron separation center to an electron recombination center, and consequently reduces the photocatalytic activity [32] . However, if the amount of metal deposition is well below its optimum dosage, the metal-loaded TiO 2 has no significant difference to a pure TiO 2 catalyst. Therefore, a good catalyst with high photocatalytic activity should have a certain amount of metal deposition but with low coverage of the TiO 2 surface and should also avoid clustering or aggregation of metal deposits on the TiO 2 catalysts.
In this study, Au was uniformly deposited on the surface of TiO 2 powder by photoreduction in a TiO 2 suspension. Then the Au-TiO 2 powder was coated on an indium-tin oxide (ITO) plate by a dip-coating method. The photocatalytic activity of the Au-TiO 2 / ITO films was evaluated in the PC and PEC processes by measuring the degradation of bisphenol A (BPA). BPA was chosen a model EDC in aqueous solution since it is a synthetic chemical produced worldwide in millions of tons each year and is used to manufacture polycarbonate and epoxy resins, which are used in baby bottles, as protective coatings on food containers [33, 34] , and for composites and sealants in dentistry [35] ; it is a suspected endocrine disrupting compound.
Experimental

Materials
TiO 2 (Degussa P25) powder with an average particle size of 30 nm and surface area of 50 m 2 g )1 was purchased from Degussa AG Company as a regular TiO 2 catalyst. BPA (2, 2-bis(4-hydroxyphenyl)propane) chemical (>99% purity) was purchased from Aldrich Chemical Company and its molecular structure is shown in Figure 1 . The indium-tin oxide (ITO) conductive glass plates with a thickness of 1.3 mm were obtained from Shenzhen Nanya Technology Ltd., China. Other chemicals at analytical grade were obtained as reagents and used without further purification. Deionized distilled water was used throughout the experiments.
2.2. Preparation of TiO 2 /ITO and Au-TiO 2 /ITO films A TiO 2 /ITO film was first prepared according to the procedure described in the literature [23] . 40 g of TiO 2 powder was added to 500 ml of distilled water. The TiO 2 slurry was sonicated for 30 min to break up loosely-attached aggregates and then vigorously agitated to form a fine TiO 2 suspension. The TiO 2 in the suspension was loaded onto the ITO glass plate (1.0 cm · 5.0 cm) by a dip-coating, drying and sintering procedure. The TiO 2 -coated ITO film was dried for 15 min on a hot plate at 100°C and subsequently sintered in a muffle furnace at 400°C for 2 h to obtain the TiO 2 /ITO film. The quantity of TiO 2 loading was about 1.07-1.10 mg cm )2 . An Au-TiO 2 /ITO film was prepared by photo-depositing Au on TiO 2 particles and then loading the Au-TiO 2 powder onto the ITO conductive glass plate. The preparation procedure was described as follows: 8 g of TiO 2 powder was added into 100 ml of Au precursor solution containing 10 mmol l )1 HAuCl 4 and HCOOH; the mixture was vigorously agitated for 1 h to form a fine TiO 2 suspension after sonication for 30 min; then the suspension was illuminated with a 500-W high-pressure mercury lamp for 2 h to conduct the photoreduction reaction, in which Au 3+ was reduced to Au and uniformly deposited on the TiO 2 particles; these Au-loaded TiO 2 particles were then coated onto the ITO glass plate by the same dip-coating, drying and sintering procedure to eventually obtain the Au-TiO 2 /ITO film. A series of Au-TiO 2 /ITO films was prepared with a Au content of 0.5, 1.0, 1.5, and 2.0% (wtAu/wtTiO 2 ), respectively, by changing the amount of HAuCl 4 in the Au precursor solution. An EDS analysis was carried out to confirm the amount of the Au deposition in the TiO 2 /ITO films. The results indicated that the amount of Au in these four Au-TiO 2 /ITO films prepared by the photoreaction were 0.63, 1.1, 1.57, and 2.07% (Wt. Au/ Wt. TiO 2 ), corresponding to the samples with a nominal Au content of 0.5, 1.0, 1.5, and 2.0% (Wt. Au/Wt. TiO 2 ), respectively.
Characterization of TiO 2 /ITO and Au-TiO 2 /ITO films
The prepared TiO 2 /ITO and Au-TiO 2 /ITO films were first examined by spectrophotometry (Shimaszu UV-PC3101PC) with an integrating sphere (Specular Reflectance ATT.5DEG) to record their diffuse reflectance spectra (DRS), in which the baseline was corrected by using a calibrated sample of barium sulfate. Both the 
